SUMMARY: Natural recruitment of abalone Haliotis discus hannai had remained low in most areas of northeast Japan for many years, despite the release of millions of abalone seed annually. In recent years, however, natural recruitment of H. discus hannai markedly increased in some areas in Iwate and Miyagi. The recent new findings on early life ecology of abalone including H. discus hannai, such as larval settlement, post-larval feeding and growth, suggest factors affecting the recruitment of H. discus hannai. Seawater temperature during winter is suggested to affect post-larval and juvenile survival. Starvation of post-larvae due to intense food competition among grazers is considered to be one of the main causes for low survival rates.
INTRODUCTION
The Ezo abalone, Haliotis discus hannai, is the only abalone species found in northeast Japan, and is the most heavily harvested of the six commercially fished abalone species and subspecies in Japan. The total catch of H. discus hannai reached a maximum of about 3200 t in 1969, but then declined to current levels of less than 1000 t per year. The reseeding of hatchery-reared juvenile abalone into wild populations to enhance the stock was started in late 1970's for H discus hannai, and now over 15 million juveniles are produced and released annually. Despite this, the abalone resources have not increased for many years mainly due to the low natural recruitment. In recent years, however, natural recruitment has markedly increased in some areas in Iwate and Miyagi, as reflected by the increasing catch. 1) In the present paper, we review recent new findings on early life ecology of H discus hannai and discuss factors affecting the recruitment of the abalone.
EARLY LIFE ECOLOGY
Reproductive biology Abalone are dioecious broadcast spawners. The gonad maturation of H. discus hannai depends on the effective accumulated temperature (EAT)2 and food availability.
3) The spawning season of H discus hannai is from late June to early September in Rebun Island, Hokkaido4) and from late July to early November in Kadonohama Bay, Iwate (Saido et al., unpublished).
The synchronous epidemic spawning is important for abalone to increase fertilization success, as with many other marine invertebrates. The spawning of H discus hannai seems to be synchronized by typhoons or storms once the EAT has reached the appropriate level in the population. 5, 6) However, the direct spawning cues associated with the storm events are still unknown. Sudden temperature drops are suggested to trigger spawning of H discus hannai in their early spawning season (Saido et al. unpublished). W irradiated seawater7) and hydrogen peroxide8) are known as artificial exogenous factors inducing abalone spawning in culture.
Larval ecology and settlement
Abalone species have planktonic larval stages before transforming into crawling, benthic stages. Larval abalone swim by cilial beating and move vertically, 9,10) but disperse as passively transported particles due to their limited swimming ability. Two models are hypothesized on the abalone larval dispersion; the localization model and the diffusion model. The localization model proposes that larval abalone are retained in algal forest or in crevices in the vicinity of the natal reef."-1 In contrast, the diffusion model suggests that larvae enter the water column and are transported passively by water currents and disperse widely6, 14,15) or concentrated in eddies .6,10,16,17) The larval dispersal would depend on the duration of larval period.
Larval abalone are lecithotrophic and carry a yolk supply derived from the egg that fuels larval life and metamorphosis, but could be supplemented by the uptake of dissolved organic matter.18,19) The larval H discus hannai requires 72.9 hours at 20 C before becoming competent to metamorphose. 3121) When settlement cues are provided, competent larvae attach to a substratum and subsequently metamorphose into post-larvae, whereas larval abalone delay metamorphosis if they fail to contact an appropriate environmental stimulus.22 24) Larval H discus hannai remained competent to metamorphose late in extended larval life, and could metamorphose successfully after 19 days from the fertilization at 20 C24) Survival and growth of post-larvae were influenced by the extended larval swimming period, but no deleterious effect occurred if larvae settled within 2 weeks of fertilisation, and were provided sufficient foods as post-larvae.24) This extended larval period implies that H discus hannai larvae can potentially disperse widely in the natural environment.
In natural habitats, larval abalone settle largely on crustose coralline algae (CCA).25-27) The settlement process (attachment and metamorphosi tr trrggered by external cues.28) Although the settlement-inducing chemicals from CCA have not yet been identified, CCA induce settlement in all abalone species testee including H discus hannai.29,30) Algal biofilms grazed by juvenile or adult H. discus hannai also induce larval settlement.29, 31-33) Some diatom strains such as Cocconeis spp. are sometimes effective as settlement inducers, but not consistently.28, 34) Dense populations of three-dimensional diatom colonies often entangle larvae preventing successful settlement 28,34) Post-larval and juvenile feeding and growth Larval H. discus hannai settle predominantly on CCA in their natural habitats as described above. Post-larvae begin feeding within a day of metamo phosis21,35) and grow for at least several months on CCA.6,25) Three major transitions in feeding as abalone grow have been identified. 36) The first is the transition from lecithotrophy to particle feeding around the time of metamorphosis. Benthic diatoms are a principal food for post-larvae after metamorphosis, and abalone below about 0.6 0.8 mm shell length (SL) grow at similar rates regardless of diatom strain, provided they receive an adequate supply of biofilm material, including extracellular secretions of diatoms.36,37) Trail mucus of conspecific juvenile abalone also supported adequate growth of post-larval H. discus hannai, smaller than approximately 0.7 mm SL 33) Trail mucus from gastropods including abalone on CCA could be a food source for small post-larval abalone. Food sources from CCA themselves, such as alga's surface polysaccharide and epithelial cell contents, can keep post-larvae alive but are not adequate to support rapid growth for abalone > 0.5mm SL.30) Growth rate is generally higher in the first 10 days after metamorphosis, and often falls in the following 1 2 weeks. 36) This drop in growth rate may reflect the loss of supplementary energy from residual yolk.
Post-larvae larger than about 0.8mm SL become responsive to the "digestibility" of diatom diets and grow more rapidly on efficiently digested diatom strains (the second transition).38) They require high levels of absorption of diatom cell contents for rapid growth , and extracellular mucus from diatoms and trail mucus from juvenile abalone are not adequate food sources. The digestibility of diatoms for abalone is significantly different between diatom species or strains, and only limited diatoms produce high digestion efficiencies and thus relatively rapid post-larval growth [37] [38] [39] Juvenile H discus hannai do not graze Cocconeis species if more favourable foods are available (despite the high digestion efficiency of the diatom), probably because the energetics of Cocconeis ingestion become insufficient to support rapid growth.36, 45) Thus Cocconeis spp. are often dominant on larval settlement plates which are re-grazed by conspecific juvenile abalone in hatcheries., 46) Juvenile abalone graze three-dimensional colonies of diatoms and loosely attached diatom cells simultaneously with their favoured juvenile macroalgae, leaving behind prostrate diatoms with high attachment strength. This feeding behaviour of juvenile abalone produces a diatom community that is suitable for post-larval abalone > 0.8 nun SL. Diatom communities dominated by prostrate species are also more favourable for the settlement of larval abalone as described above.
FACTORS AFFECTING RECRUITMENT
Adult density The abundance of reproductive stock is an important factor determining the egg production level. The fact that the recent increase of natural recruitment in H discus hannai is observed only in some restricted areas suggests that adult populations in other places may have been decreased to a critical point. A long term study monitored the relationship between the densities of 1-year-old juveniles and adults in the previous year in Okushiri, Hokkaido from 1972 to 1995. This indicated that higher adult densities have potential to produce more recruitment (Hokkaido, unpublished).
The reduction of adult densities may limit fertilization success and subsequent recruitment. In an Australian abalone H laevigata, fertilization rate fell below 50% when distances separating eggs and a spawning male were about 2 M.47) Dense patches of males and females can be important for fertilization success, though abalone may aggregate before spawning. 48) Post-larval starvation Food limitation during the first feeding transition (from endogenous to exogenous nutrition) can have a harmful effect on the subsequent survival and growth of post-larval H discus hannai 49) Sasaki50) observed a number of dead or dying H. discus hannai of about 0.5 mm SL on CCA rocks in Miyagi coastal waters, probably due to starvation. On CCA surfaces, intense food competition with other grazers may decrease the survival probability of post-larval abalone. A laboratory experiment indicates that a small herbivorous gastropod Homalopoma amussitatum is a strong competitor for favourable diatoms with the post-larval abalone on CCA.51) High density of this gastropod may disturb abalone recruitment through starvation.
Juvenile and adult abalone do not compete for food with post-larval abalone as mentioned above. The reduction of abalone populations by fishing may lead to the increase in populations of other grazers that do compete for food with post-larval abalone. 
